We have investigated the temperature dependence of negative bias under illumination stress and recovery. The transfer characteristics exhibits a non-rigid shift towards negative gate voltages. For both stress and recovery, the voltage shift in deep depletion is twice that in accumulation. The results support the mechanism we previously proposed, which is creation and annealing of a double donor, likely to be an oxygen vacancy. The time dependence of stress and recovery can be fitted to stretched exponentials. Both processes are thermally activated with activation energies 1.06 eV and 1.25 eV for stress and recovery, respectively. A potential energy diagram is proposed to explain the results. The amorphous oxide semiconductor Indium Gallium Zinc Oxide (a-IGZO) has been the object of extensive investigation in recent years due to its advantages over a-Si:H as an active layer in thin film transistors (TFTs).
1 These include a higher mobility (10-30 cm 2 V À1 s
À1
) and low temperature process (<200 C), which enable increased system functionality as well as the use of plastic substrates.
2 However, the devices are affected by instabilities during operation. Positive bias stress instabilities have been attributed to electron traps at the interface and/or generation of acceptor-like states in the bulk or at the gate insulator interface. 3, 4 The effect can be contained within acceptable levels, under normal operating voltages, by post-fabrication annealing procedures. 5 Negative bias stress in the absence of illumination has negligible effect. 5, 6 However, when the sample is simultaneously irradiated with near or above bandgap light, large negative shifts of the transfer characteristic are produced. To understand the mechanism responsible for this effect, referred to as Negative Bias under Illumination Stress or NBIS, is obviously important, since displays operate in a light environment. It is, therefore, not surprising that NBIS has been the object of many investigations in recent years, with most studies invoking creation of, and/or trapping at, oxygen vacancies as the degradation mechanism [6] [7] [8] [9] No direct evidence could be provided and the association is suggested by the low formation energy of these defects, predicted by density functional theory (DFT). Most of the theoretical work has been done on a close relative of a-IGZO, single crystal ZnO. [10] [11] [12] In this material, the oxygen vacancy can exist in a neutral, V O , singly ionized, V O þ , and doubly ionized, V O 2þ , state. One would expect that, due to the repulsion between the two electrons in neutral V O , the transition energy from the doubly to the singly ionized state, e(2þ/þ), is lower than that from the singly ionized to the neutral state, e(þ/0). Instead, the theory predicts that the above energies are inverted. [10] [11] [12] The effect is due to the strong lattice relaxation present in a polar material: the Zn cations surrounding the vacancy move inwardly when the center is neutral, which increases the overlapping between the cation wavefunctions. Since these are the basis from which the vacancy electron states are constructed, the binding energy increases, so that e(þ/0) < e(0/2þ) < e(2þ/þ).
10-12 Such a defect is said to have a negative correlation energy U. The vacancy singly ionized state V O þ is, in these conditions, unstable, so that only neutral or doubly ionized states ought to be observed in thermal equilibrium. Since, according to the theory, these are deep levels, it was concluded that oxygen vacancies cannot be responsible for the n-type conductivity of these materials, and hydrogen has been suggested as an extrinsic dopant. 11 To what extent theoretical results obtained for single crystal ZnO can be extrapolated to amorphous IGZO is open to questions. DFT calculations of oxygen vacancies in a-IGZO have been reported by Kamiya and co-workers 13, 14 and Chang and co-workers. 15 Kamiya et al. reported a complex behaviour for the oxygen vacancy in a-IGZO, in that both occupied deep donors and unoccupied shallow donor states are simultaneously present when the vacancy is coordinated to a low number of cations or near voids, while only shallow levels were obtained in other cases. 13, 14 By performing calculations on neutral and doubly ionized vacancies, Chang et al. 15 find that the vacancy is a negative U center in all cases and a deep donor in most cases (29 out of 33 investigated). Experiments that can clarify these issues are therefore important, but conventional techniques, such as photoluminescence and equivalent series resistance (ESR), deployed in the case of single crystal ZnO, can be of difficult interpretation in the case of amorphous films, due to the large number of dangling bonds contributing to the signal. In a previous paper, we have investigated NBIS by using a recently developed flat band voltage extraction method 16 and shown that the effect is associated with an increase of the bulk trapped charge density 17 and of the flat band free carrier concentration in the range 10 16 -10 17 cm
À3
. 18 By analysing the NBIS dependence upon the active layer thickness, we also showed that the effect is well explained by the creation of bulk double donors with transition energies, e(2þ/þ) $ E C -0. > E C -0.07 eV (positive correlation energy U). So far, no data have been published on the activation energy for formation and annealing of these defects. Such data are important to enable a comparison with theoretical calculations and clarify the role of both negative bias and illumination. With this aim, we have investigated the temperature dependence of NBIS stress and recovery. Our results indicate that both processes are thermally activated with activation energies E s ¼ 1.06 eV and E s ¼ 1.25 eV for stress and recovery, respectively. The recovery process is well explained by annealing of the defects created by NBIS. The positive U, double donor nature of the defects is confirmed by the relative magnitude of the shifts of the I-V characteristics in accumulation and deep depletion, the latter being about twice as large as the former, at any time during the recovery. Possible mechanisms are discussed.
The devices were bottom gate TFTs (see inset of Figure  1(b) ), fabricated on glass substrates, with an active layer thickness of 20 nm, a SiO 2 gate oxide thickness of 200 nm, channel width W ¼ 1000 lm, and channel length L ¼ 10 lm. All devices had back channel passivation, consisting of a 100 nm SiO 2 . The fabrication process and electrical characterization set up have been described before.
3,7 NBIS was performed by using a solid state light source with a power density of 0.7 mWcm À2 and the emission spectrum wavelength 365 nm. During stress, source and drain were connected to ground. During recovery, all terminals were left floating, which in the time scale of the experiment means V GS ¼ V ds ¼ 0 V. Stress was performed in the temperature range 27 C-70 C by using a heated chuck, and the temperature was monitored with a thermocouple in contact with the glass substrate. Recovery was investigated by applying the stress at 60 C and recording the changes at 60, 70, and 80 C. Figure 1 shows the transfer characteristics for V DS ¼ 0.1 V, as a function of stress time under NBIS at 40, 50, and 60 C. The dependence of the subthreshold slope upon the temperature is shown in the inset of Figure 1(c) , for the unstressed curves and the curves corresponding to 5000 s stress. Under stress, the characteristics shift towards negative V GS and the shift increases with temperature. As previously reported and discussed later, the shift is not rigid. The time dependence of the voltage shift was fitted to a stretched exponential
The equation describes the superposition of processes with a spread of time constants around an average value s, the spread being quantified by the stretch parameter b < 1. The time constant s is plotted as a function of temperature in Fig. 2 Table I . The data for recovery at 60 C are shown in Figure 3 . Fitting to stretched exponentials and parameter extraction was performed as for the stress case above and the Arrhenius plot for s shown in Figure 4 . These results are also included in Table I 
The change in the density of states (DOS) during recovery is shown in Figure 5 (a) for 60 C. The DOS was extracted from the capacitance characteristics of Figure 5 (b), according to the method used in Ref. 18 . As reported before, 18 a broad peak arises around E C -0.5 eV during stress. Such an increase in the density of defects is also reflected in the increased subthreshold slope after stress, as shown in the inset of Figure 1(c) . The subthreshold slope of the unstressed sample shows negligible temperature dependence. On the contrary, it increases with temperature for the stressed case, consistent with the fact that the defect generation process is thermally activated (see below). The peak around E C -0.5 eV disappears after recovery, showing that stress and recovery are complementary mechanisms, one consisting in the creation, and the other in the annealing, of the same center. In Figure 5 Figure 5 provide further evidence to support the conclusions of our previous work, 18 which the center is a double donor. The transition energies e(2þ/þ) $ E C -0.5 eV and e(þ/0) ! E C -0.07 eV are located below and above the flat band Fermi level, respectively, as shown diagrammatically in Figure 6 , so that the center is singly ionized in accumulation and doubly ionized in deep depletion. The defect is a positive U center.
The simplest donor defect which can explain the observed behaviour is the oxygen vacancy. But, as mentioned above, DFT calculations show that these defects are deep, negative U, donors, which would be inconsistent with our experimental findings. It should be however pointed out that in DFT calculations, the equivalent defect concentration is very high ($10 20 cm
), since no less than one defect per supercell can be included and the number of atoms in the supercell is restricted by computational power. On the other hand, the concentration of defects responsible for NBIS is a small fraction of that ($10 17 cm
), so it would not be unreasonable to presume that, while the majority of oxygen vacancies may behave according to the above theoretical predictions, a small fraction of those can act as shallow donors, in accordance with our experimental results. In fact, in some cases, the theory predicts a shallow donor behavior for these defects.
DFT calculations performed after melting and re-solidifying the lattice by molecular dynamic, in order to simulate the amorphous network of a-IGZO, show that, when the electron states associated with the vacancy are spread out across the computational supercell, the vacancy behaves as a shallow donor. 14 We speculate that in such conditions, the lattice relaxation is distributed over a much larger distance than for a localized vacancy, so that the increased overlapping between cation wavefunctions, which is responsible for the increase in binding energy of the neutral state and the associated negative correlation energy, may not occur. In this case, the vacancy would behave as a positive U donor with a shallow state e(þ/0) > e(2þ/þ), consistent with our experimental results. That the environment plays a major role in controlling the oxygen vacancy energy levels is also indicated by recent calculations for the case of In 2 O 3 . These show that oxygen vacancies can behave as shallow donors, when located at the surface rather than in the bulk. 19 The formation energy of a vacancy depends upon its charge state, according to the relationships
are the formation energies of neutral, singly, and doubly ionized vacancies, respectively. The terms ½eðþ=0Þ À E F and ½eð2 þ =þÞ À E F represent the energy gained by taking the first and second electron away from the neutral defect and transferring them to the electron reservoir with energy E F . In the case of a MOSFET, E F is the Fermi energy of the source/drain metal contacts.
A potential energy-configuration coordinate diagram for the formation of these defects is presented in Figure 7 . The ground state of the crystal is labelled "A," the saddle point, "B," and the state with the neutral vacancy, "C." The formation energy of the neutral oxygen vacancy in a-IGZO has been recently calculated as $4 eV. 15 Hence, indicating with E(C), the energy of the state "C" and similarly for the other states, we have E(C)-E(A) ¼ 4 eV. Since the recovery is performed with V GS ¼ V DS ¼ 0, E F $ E C and the energy of the initial state for recovery is basically that of the neutral vacancy state E(C). From the recovery activation energy E s , extracted in the present work, we have E(B)-E(C) ¼ E s ¼ 1.25 eV, so that the relevant energies of the diagram are determined. For an a-IGZO TFT under strong negative bias, E F is expected to be below midgap. Hence the formation energy of the doubly ionized state is much reduced compared to that of the neutral state and could even be negative, consistent with DFT calculations for the oxygen vacancy in single crystal ZnO and a-IGZO. The state of the crystal with the doubly ionized vacancy is indicated with "D." The validity of the diagram of Figure 7 is further supported by the fact that no recovery was at all observed, when the negative gate voltage stress was left on the device in the dark, after NBIS: recovery can only occur when the backward activation barrier E(B)-E(D) > 5 eV is reduced to E(B)-E(C) $ 1.25 eV, by moving the Fermi level close to the conduction band, that is for V GS ! 0. For the same reason, the high activation barrier for the forward process, E(B)-E(A)>5 eV, would prevent the direct transition in real time from the ground state to the doubly ionized state, in spite of such transition being thermodynamically allowed (DH < 0). In fact, a-IGZO TFTs are stable under negative bias, in the absence of light exposure. Even in the presence of near or above bandgap light, the forward activation barrier seems too high for a direct transition from the ground state. One possibility is that the vacancies are created from centers (the state labelled "E" in Figure 7) , with weakly or reconstructed bonds that can be broken in the presence of light, due to the release of energy from electron-hole recombination, enabling a transition with a much lower activation energy. From the stress activation energy E s determined in the present work, we have E(B)-E(E) ¼ E s ¼ 1.06 eV. There are here similarities with the mechanisms invoked to explain the Staebler Wronski effect in a-Si:H. 21 In the latter, it was proposed that hydrogen plays a major role, for instance by the mechanism referred to as bond switching. 22 Due to the energy released by recombining photo-generated electron-hole pairs, a weak Si-Si bond can break. The bond would normally reform immediately, but if hydrogen from a neighbouring Si-H bond is exchanged for one of the created dangling bonds, two stable dangling bonds are formed. This suggests that atomic exchange with weak bonds present in the random lattice could play a role in the photo-creation of defects also in a-IGZO. However, in the latter, the picture is much more complicated. In addition to metal-oxygen bonds, hydrogen, which is present in high concentrations, $10 20 cm
, 23 could be involved. Also, interstitial Zn, which is also present in large 143506-4 Chowdhury, Migliorato, and Jang Appl. Phys. Lett. 102, 143506 (2013) concentrations in the oxygen deficient films employed in TFTs fabrication and is known to be highly mobile, 11 could play a role. So, while the present study, in conjunction with our previous work, provides strong evidence that NBIS is due to the creation of a double donor with positive correlation energy, likely to be an oxygen vacancy, more work is needed to ascertain the atomistic mechanisms responsible for the creation of these defects during NBIS. 
